ABSTRACT
The life-history and behavior of eusocial insects provide some of the most fascinating examples 3 2 of complex life on Earth (Holldobler & Wilson, 1990 ). Yet, despite their prominence in 3 3 evolutionary biology, surprising little is known about the selective forces that have driven the 3 4 great diversity of colony life-history strategies observed in social insects (Heinze, Kellner & 3 5 Seal, 2017; Holldobler & Wilson, 1990; Hunt & Toth, 2017; Wcislo & Fewell, 2017) . Certain ecological forces, like reduced foundress success due to harsh ecological conditions (e.g., intense 3 7 competition) (Bartz & Holldobler, 1982; Bernasconi & Strassmann, 1999; Nonacs, 2001) or
worker reproduction enabled by longer growth seasons (reviewed in Wcislo & Fewell, 2017) life-history too (e.g., worker reproduction, cofoundress associations). Yet, it is perennially noted 4 2 that a broader conceptual or theoretical framework to organize the evolution of colony life 4 3 histories in social insects is still missing (Bourke & Franks, 1995; Heinze et al., 2017; Wcislo & 4 4 Fewell, 2017).
5
Intraspecific variation provides evolutionary biologists with a useful tool to probe the 4 6 selective forces that underlie the evolution of colony life-history traits and to examine how in order to mark and record their head width to the nearest 0.01mm using digital calipers. We immediately placed back on their nests. Once all wasps had been measured, we waited 24h
before conducting field behavioral assays. Many of the foundresses then abandoned their nests;
nest abandonment is relatively common in the early portion of the season in Polistes. Thus, the 1 0 8 dataset reported herein includes 28 P. metricus and 17 P. fuscatus nests after removing these 1 0 9 abandonment events (Abandonment rates: P. metricus = 50.8%, P. fuscatus = 60.4%). All behavioral trials were conducted between 10:00am and 6:00pm, corresponding to active Coleman & Dearstyne, 1994), was assessed using a method similar to that used in Wright et al 1 1 5 (Wright et al., 2018; 2016) , but modified to a field setting. It has been shown that queens display antagonized, which we used to estimate their boldness. Using a 3-foot long (1cm diameter) wooden dowel, we antagonized each queen by prodding them up to 50 times while they resided on their nests, with a 3s pause in between prods, and recorded how many total prods were 1 2 0 required before a queen fled from their nests. Queens that flee after just a few prods are prodding elicit a bolder phenotype. The reasoning here is that it is more "risky" for a queen to 1 2 3 remain on her nest in the face of danger than it is to fly away and return later when the threat has 1 2 4 passed. Queens that never abandoned their nests were given a maximum score of 50. This assay 1 2 5 was performed on each queen 4 times over the course of a week, and queens were never tested thus we took the average across the four boldness tests to give a single boldness value per queen. In colonies with multiple foundresses (none for P. metricus, 37 of the original 43 for P. fuscatus)
we could not recognize individuals to conduct repeated assays, and so these foundresses had no
boldness scores recorded. Furthermore, as there were multiple queens in these nests, we could
not assign a head width to a single individual for this species, and so for these nests head widths were not recorded. Following behavioral assessment, each colony was checked once a week at 6:00am, when total number of wasps on each nest. On November 12 no wasps remained on any nests, and each of overall colony productivity) and the number of caterpillars discovered of the Pyralid moth
parasite Chalcoela iphitalis, which commonly parasitizes both P. metricus and P. fuscatus nests 1 4 1 (Nelson, 1968; Starr, 1976) . We recorded the following five colony-level life-history traits: the end of the study. To determine whether these colony life-history traits were associated into a life-history 1 4 9 syndrome, we used structural equation models. These assess the fit of specified covariance 1 5 0 structures within the data, allowing one to determine which covariance structure, relating to a they were related into a latent variable of a "life-history syndrome". Traits can be positively related (e.g. among-colony differences in overall productivity) or negatively related (e.g. trade- the model where syndrome structure was the same between the species, to determine whether the 1 6 0 syndrome structure differed between the species (summarized in Fig 1) .
Structural equation models also allow one to determine whether additional variables 1 6 2 influence hypothesized latent variables. For P. metricus, we added both foundress head width and average boldness to a model of a P. metricus-specific life-history syndrome, to determine 1 6 4 whether these traits influence this syndrome. For P. fuscatus, we added the number of foundresses to a model of a P. fuscatus-specifc life-history syndrome, to determine how this 1 6 6 factor influenced the syndrome. We confirmed these results using MANOVAs for each species. fuscatus has number of foundresses as a predictor variable. In total, 45 colonies (28 P. metricus and 17 P. fuscatus) produced at least one worker, and had recordings for: week of first productivity (i.e., worker eclosion), length of reproductive period, timing (week) of maximum productivity, colony growth at maximum productivity, and end number of cells. These were used to test for the presence of a life-history syndrome, and whether
it differed between the species. Of these, 18 P. metricus had head widths and boldness scores were used for the species-specific models of what might shape the syndrome. The model with the life-history syndrome was better supported than the model where the Table S1 in the supplementary materials. In P. metricus, longer reproductive periods, later peaks, higher peak productivity, and 1 8 7
higher cell counts were all positively associated, while date of first productivity was not related 1 8 8 (Table 1, Fig. 2) . In P. fuscatus, the timing of the productivity peak was not associated into the 1 8 9
life-history syndrome, and relative contributions of the remaining three life-history traits to the 1 9 0 syndrome differed, but otherwise the overall structure was similar (Table 1, Fig. 2 ). These 1 9 1 suggest a syndrome of overall lower vs. higher productivity, rather than trade-offs between traits. syndrome (Fig 2) . In our MANOVA analysis too, in P. metricus, neither head width (MANOVA, Pillai's Trace 5,11 = 0.165, approx. F = 0.433, p = 0.816) influenced the life-history syndrome. In P. fuscatus, more foundresses were associated with higher values of this productivity However, there were no differences in per capita measures of life-history traits, i.e., after diving all of these colonies contained just one or two parasitic moths, although one P. metricus colony 2 1 0 harbored an impressive 11 parasitic moths. Here we tested for the presence of life-history trade-offs and syndromes in paper wasps, whether 2 1 5 they differed between species, and whether queen traits (size, boldness, coalition forming) might 2 1 6 underlie between-colony differences in colony life-history. We detected no evidence of life-
history trade-offs in either species of paper wasp considered here. Instead, we found that most 2 1 8 colony performance metrics were positively correlated together for both species, but in subtly 2 1 9 different species-specific manners. While we detected no evidence that queen boldness or body 2 2 0 size contributed to differences in colony life-history in P. metricus, we found that cofoundress 2 2 1 associations increased colony productivity in P. fuscatus, though not in a manner disproportional 2 2 2 to foundress number. Neither body size nor boldness appear to contribute significantly to colony life-history or performance in this population of P. metricus. Prior studies on P. metricus collected from this 2 2 5 same field site found that bolder queens and larger queens were more productive than their small 2 2 6 and shy counterparts (Wright et al., in revision) . This raises the question of why, then, did we not 2 2 7 detect such effects in this study. One possible explanation is that the prior study homogenized between-colony differences in microhabitat quality because it deployed nests within identical 2 2 9 protective wooden boxes. This hints that the natural variation in nest site quality (i.e. growth rates in several additional species (Blight et al., 2016; Bockoven et al., 2015) . However, 2 3 8 we recovered no evidence for such an association here. This is despite the fact that queen 2 3 9 boldness is known to shape the collective aggressiveness of workers in P. metricus (Wright, between species. The model for a species-specific covariance structure between colony life-2 4 5 history traits had the highest support in our analysis. This is likely because the factors that underlie between-colony differences in colony life history vary considerably by species. For P. metricus, the factors underlying this syndrome remain elusive, but they are likely to include 2 4 8 individual differences in condition or traits (e.g., habitat choice) not evaluated here. However, for 2 4 9 P. fuscatus, between-colony differences in the syndrome are associated with variation in 2 5 0 foundress number, which exhibits considerable intraspecific variation in our focal population.
5 1
In P. fuscatus, colonies with multiple queens exhibit higher performance across the entire 2 5 2 constellation of life-history traits considered here, and in an apparently linear per capita manner. In other words, these differences vanish when we reanalyse colony life-history on a per 2 5 4 foundress basis. Thus, while there appears to be a colony-level benefit to foundress coalitions, does the payoff appear to diminish with helpers 2-3. This is in contrast to the usual finding that 
